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
 
1RPHQFODWXUH
 
B0 



PDJQHWLFLQGXFWLRQ7HVOD


U, V


GLPHQVLRQOHVVYHORFLW\FRPSRQHQW
g JUDYLWDWLRQDODFFHOHUDWLRQPV xy GLPHQVLRQDOFRRUGLQDWHVP
H +LJKWRIWKHFDYLW\P XY GLPHQVLRQOHVVFRRUGLQDWHV
Ha +DUWPDQQQXPEHU Greek symbols
L OHQJWKRIFDYLW\P Į WKHUPDOGLIIXVLYLW\PV
Nu  DYHUDJH1XVVHOWQXPEHU ȕ 7KHUPDOH[SDQVLRQFRHIILFLHQW.
p GLPHQVLRQDOSUHVVXUHNm Ȗ JHQHUDOGHSHQGHQWYDULDEOH
P QRQGLPHQVLRQDOSUHVVXUH ȝ G\QDPLFYLVFRVLW\NJPV
Pr 3UDQGWOQXPEHU Ȟ NLQHPDWLFYLVFRVLW\PV
Ra 5D\OHLJKQXPEHU ș QRQGLPHQVLRQDOWHPSHUDWXUH
Re 5H\QROGVQXPEHU U 'HQVLW\NJP
J MRXOHKHDWLQJSDUDPHWHU V HOHFWULFDOFRQGXFWLYLW\6P
T WHPSHUDWXUH. ȥ 6WUHDPIXQFWLRQ
Th KRWZDOOWHPSHUDWXUH subscripts
Ti LQOHWIORZWHPSHUDWXUH i LQOHWVWDWH
u, v YHORFLW\FRPSRQHQWVPV

GLPHQVLRQOHVVRVFLOODWLRQ IUHTXHQF\KDYHDSURIRXQGHIIHFWRQ WKHVWUXFWXUHRI IOXLG IORZKHDW WUDQVIHU ILHOGVDQG
VNLQIULFWLRQFRHIILFLHQW<LOPD]DQG2]WRS>@PDGHDQXPHULFDOZRUNRQIRUFHGFRQYHFWLRQLQGRXEOHIDFLQJVWHS
IORZ IRU WXUEXOHQW UHJLPH IRU ZLGH UDQJH RI JHRPHWULFDO SDUDPHWHUV $ VHULDO H[SHULPHQW ZDV SHUIRUPHG WR
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3,9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WKH HIIHFW RI FDYLW\ VKDSH RQ IORZ VWUXFWXUH ZLWKLQ WKH FDYLW\ LV GLVFXVVHG LQ GHWDLO %XW WKH\ H[KLELW RQO\
K\GURG\QDPLFUHVXOWV0DQFDHWDO>@ZRUNHGRQPL[HGFRQYHFWLRQKHDWWUDQVIHUDQGIOXLGIORZLQDQRSHQFDYLW\
ZLWK DKHDWHGZDOO ERXQGHGE\ DKRUL]RQWDOO\ LQVXODWHGSODWH$QXPHULFDO VROXWLRQKDVEHHQSHUIRUPHG IRU WKUHH
EDVLFKHDWLQJPRGHVDVDVVLVWLQJIORZRSSRVLWHIORZDQGKHDWLQJIURPEHORZ7KH\VKRZHGWKDWWKHRSSRVLQJIRUFHG
IORZFRQILJXUDWLRQKDVWKHKLJKHVWWKHUPDOSHUIRUPDQFHLQWHUPVRIERWKPD[LPXPWHPSHUDWXUHDQGDYHUDJH1XVVHOW
QXPEHU0+'PL[HGFRQYHFWLRQLVDQDO\]HGE\5DKPDQHWDO>@IRUDKRUL]RQWDOFKDQQHOZLWKDQRSHQFDYLW\7KH\
LQGLFDWHG WKDWEXR\DQF\ LQGXFHGYRUWH[Q WKH VWUHDPOLQHV LVGLPLQLVKHGDQG WKHUPDO OD\HUQHDU WKHKHDWHGVXUIDFH
EHFRPHVWKLFNDQGOHVVFRQFHQWUDWHGZLWKJURZLQJYDOXHVRI+DUWPDQQQXPEHU$QXPHULFDODQDO\VLVRQIORZRYHU
FDYLWLHVRIODUJHDVSHFWUDWLRLVSHUIRUPHGE\=GDQVNLHWDO>@IRUERWKODPLQDUDQGWXUEXOHQWUHJLPHV7KH\IRXQG
WKDWWKHRSSRVLWHEHKDYLRURQWKHGLVSODFHPHQWRIWKHWZRYRUWLFHVLQVLGHWKHFDYLW\IRUWXUEXOHQWDQGODPLQDUUHJLPHV
LV OLQNHG WR WKH QHW SUHVVXUH IRUFH LQVLGH WKH FDYLW\5DKPDQ HW DO >@ZRUNHGRQPDJQHWRK\GURG\QDPLFPL[HG
FRQYHFWLRQLQDKRUL]RQWDOFKDQQHOZLWKDQRSHQFDYLW\XVLQJILQLWHHOHPHQWPHWKRG.KDQDIHUDQG9DIDL>@PDGHD
ZRUN WR REWDLQ DQ DFFXUDWH UHSUHVHQWDWLRQ RI HIIHFWLYH ERXQGDU\ FRQGLWLRQV DW WKH RSHQ VLGH RI WZRDQG WKUHH
GLPHQVLRQDORSHQHQGHGVWUXFWXUHVXVLQJ*DOHUNLQZHLJKWHGUHVLGXDOPHWKRGRIILQLWHHOHPHQWIRUPXODWLRQ
7KHPDLQDLPRIWKLVZRUNLVWRH[DPLQHWKHHIIHFWVRIJRYHUQLQJSDUDPHWHUVRQPL[HGFRQYHFWLRQKHDWWUDQVIHULQ
SUHVHQFHRIPDJQHWLFILHOGDQGMRXOHHIIHFW%DVHGRQDERYHVWXGLHGZRUNVKHLJKWRILQOHWDQGRXWOHWVLGHRIFDYLW\LV
WDNHQDVFRQVWDQWIRUDOPRVWDOOVWXGLHV
 3UREOHP)RUPXODWLRQ
2.1. Physical model 
)LJLOOXVWUDWHVWKHVWXGLHGSK\VLFDOPRGHOZLWKERXQGDU\FRQGLWLRQV7KHOHIWVLGHRIWKHFDYLW\ZDOOLVVKRUWHU
WKDQWKDWRIULJKW7KHFDYLW\LVKHDWHGIURPWKHERWWRPZDOODQGUHPDLQLQJZDOOVDUHDGLDEDWLF/HQJWKRIKHDWHGSDUW
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ERWWRPZDOORIFDYLW\LVGHSLFWHGE\/DQGZKROHOHQJWKRIFKDQQHOLVJLYHQE\+ZKLFKLVWKUHHWLPHVKLJKHUWKDQ
WKDWRIKLJKHUVLGHRIWKHFDYLW\7KHVKRUWHUVLGHLVFKRVHQDVKDOIRIWKHKLJKHUVLGH7HPSHUDWXUHRILQOHWIOXLGLV
ORZHUWKDQWKDWRIKHDWHU$OOZDOOVDUHDGLDEDWLFDQGLPSHUPHDEOH
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2.2. Mathematical modeling 
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3.1. Numerical procedure 
*DOHUNLQ ZHLJKWHG UHVLGXDO PHWKRG KDV EHHQ GHSOR\HG WR FDUU\ RXW WKH QXPHULFDO VROXWLRQ (QWLUH GRPDLQ RI
LQWHUHVW LV GLVFUHWL]HG LQWR VHYHUDO JULGV RI WULDQJXODU HOHPHQWV$ VHW RI DOJHEUDLF HTXDWLRQ KDV EHHQ IRUPHG DQG
LWHUDWLRQWHFKQLTXHDORQJZLWKERVVLQLTXHDSSUR[LPDWLRQKDVEHHQXVHGWRJHWWKHQXPHULFDOVROXWLRQ7KHLWHUDWLRQ
KDVEHHQGRQHWLOOWKHVROXWLRQEHFRPHVFRQYHUJHQW :KHUHQLVQXPEHURILWHUDWLRQDQGȖLVWKH
JHQHUDOGHSHQGHQWYDULDEOH
3.2. Code validation 
7KH ZULWWHQ FRGH LV YDOLGDWHG ZLWK HDUOLHU ZRUNV RI 0DQFD HW DO >@ E\ VXSSO\LQJ VDPH IORZ DQG WKHUPDO
FRQGLWLRQV2EWDLQHGUHVXOWVDUHWDEXODWHGLQ7DEOHIRU3U 5H 5L Z+ /+ $YHUDJH
1XVVHOWQXPEHUDQGPD[LPXPWHPSHUDWXUHYDOXHVDUHFRPSDUHG$VLQGLFDWHGIURPWKH7DEOHREWDLQHGUHVXOWVKRZV
JRRGDJUHHPHQWZLWKOLWHUDWXUHUHVXOWV
7DEOH&RPSDULVRQRIUHVXOWVIRUYDOLGDWLRQDW3U 5H 5L Z+ /+ 
2SSRVLQJIORZ 3UHVHQW 0DQFDHWDO>@
1X  
șPD[  
3.3. Grid Independency test 
*ULG LQGHSHQGHQF\ VWXG\ LV SHUIRUPHG LQ)LJ  DW+D    -    DQG 3U    7KH WHVWV DUH SHUIRUPHG IRU
GLIIHUHQW JULG GLPHQVLRQV DV     DQG  ,W LV GHFLGHG WKH  DV JULG GLPHQVLRQ IRU
ZKROHWHVWV
 5HVXOWDQG'LVFXVVLRQ
)LQLWHHOHPHQWDQDO\VLVKDVEHHQSHUIRUPHGWRVROYHJRYHUQLQJHTXDWLRQVWRVHHWKHHIIHFWVRISDUDPHWHURQKHDW
DQGIOXLGIORZVXFKDV3UDQGWOQXPEHU+DUWPDQQQXPEHUDQGMRXOHSDUDPHWHU
)LJDDQGELOOXVWUDWHVWKHHIIHFWRI+DUWPDQQQXPEHU+DRQVWUHDPOLQHVDQGLVRWKHUPV- DQG3U 
,QWKHILJDDFLUFXODWLRQFHOOLVIRUPHGLQFORFNZLVHURWDWLQJGLUHFWLRQ,WILOOVDOPRVWZKROHFDYLW\ZLWKWKH
HTXDOOHQJWKWROHIWVKRUWVLGH)ORZVWUHQJWKLVGHFUHDVHGZLWKLQFUHDVLQJRI+DUWPDQQQXPEHU,QWKLVFRQILJXUDWLRQ
WKHIORZILHOGEHKDYHVDVOLGGULYHQFDYLW\GXHWRVZHHSLQJIORZLQVLGHWKHFDYLW\E\PDLQIORZ,WLPSLQJHVWRWKH
ULJKWKHLJKWVLGHRIWKHFDYLW\DQGLWPRYHVWRWKHH[LWRIWKHFKDQQHO)URPWKHILJELWLVFOHDUO\VHHQWKDWWKH
LVRWKHUPVDUHDOPRVWSDUDOOHOWRKRUL]RQWDOZDOO%HFDXVHZKHQVKRUWVLGHRIWKHFDYLW\ORFDWHVWROHIWVLGHKHDWHGDLU
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)LJ(IIHFWRI+DUWPDQQQXPEHUHaRQDVWUHDPOLQHVDQGELVRWKHUPVDWJ Pr 
D

+D  +D  +D 
E

)LJ$YHUDJH1XVVHOWQXPEHUOHIWDQGIOXLGWHPSHUDWXUHDWWKHH[LWSRUWULJKWYHUVXVHaDWJ Pr 
PRYHV IURP ERWWRP WR WRS EXW WKH\ DUH GLVWULEXWHG DV SDUDOOHO WR ERWWRP ZDOO 2Q WKH RWKHU KDQG YDULDWLRQ RI
+DUWPDQQQXPEHUEHFRPHVVLJQLILFDQWGXHWRVXSSUHVVLQJRIPDLQIORZWREXR\DQF\LQGXFHGIORZ)LJVKRZVWKH
DYHUDJH1XVVHOWDQGIOXLGWHPSHUDWXUHDWWKHH[LWSRUWIRUWKHDIRUHPHQWLRQHG+DUWPDQQQXPEHUDWJ Pr 
,QFUHDVLQJ+DUWPDQQQXPEHUGHFUHDVHGWKHKHDWWUDQVIHUUDWHDQGIOXLGWHPSHUDWXUHDWWKHH[LWSRUW,QVXFKVLWXDWLRQ
WKHKHDWWUDQVIHULVGRPLQDWHGE\FRQGXFWLRQ2QWKHRWKHUKDQGERWKDUHLQFUHDVHGZLWKLQFUHDVLQJ5L
(IIHFWRIWKHMRXOHSDUDPHWHU-RQVWUHDPOLQHVLVLOOXVWUDWHGLQ)LJDDQGRQLVRWKHUPV)LJEDW+D 
DQG3U $VVHHQIURPWKHILJXUHWKHMRXOHSDUDPHWHUEHFRPHVLQVLJQLILFDQWIRUVWUHDPOLQHV)RUIXUWKHUORFDWLRQ
IURPWKHFDYLW\WKHIORZLVQRWDIIHFWHGIURPWKHFLUFXODWLRQLQVLGHWKHFDYLW\DQGHGJHRIWKHFDYLW\,VRWKHUPVDUH
SDUDOOHO WRKDOIRI WKHFDYLW\$IWHU WKDWSRLQW WKH LVRWKHUPVPRYH WRFHLOLQJRI WKHFKDQQHOGLDJRQDOO\)RU- 
FUHVFHQWVKDSHGGLVWULEXWLRQLVREVHUYHGRQWKHWRSRIKLJKVLGHRIWKHFDYLW\6LPLODUWHPSHUDWXUHGLVWULEXWLRQVDUH
REVHUYHGDW- DQG- %XW LVRWKHUPVDUHPRUHFURZGHGDURXQGWKHHGJHRIKLJKVLGHRI WKHFDYLW\)LJ
UHFRUGVWKHDYHUDJH1XVVHOWQXPEHUDQGIOXLGWHPSHUDWXUHDWWKHH[LWSRUWIRUWKHFDVHRIHa DQGPr DW
GLIIHUHQWYDOXHVRIJZLWKLQWKHUDQJHRI±,QFUHDVLQJJLQFUHDVHVWKHIOXLGWHPSHUDWXUHVKDUSO\EXWGHFUHDVHVWKH
KHDWWUDQVIHUUDWHKDUVKO\
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)LJ(IIHFWRIMRXOHSDUDPHWHU-RQDVWUHDPOLQHVDQGELVRWKHUPVDW+D Pr 
D

-  -  - 
E

)LJ$YHUDJH1XVVHOWQXPEHUOHIWDQGIOXLGWHPSHUDWXUHDWWKHH[LWSRUWULJKWYHUVXV-DW+D Pr 
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3UDQGWOQXPEHULVDQRWKHUSDUDPHWHULQWKLVZRUN,WLVQRWLFHGWKDWDOOWKHIOXLGVFRUUHVSRQGWKH3UDQGWOQXPEHUV
DUH HOHFWULFDOO\ FRQGXFWLYH7KXV)LJ  LV SORWWHG IRU HIIHFW RI3UDQGWO QXPEHU3U RQ VWUHDPOLQHV )LJ  D DQG
LVRWKHUPV)LJEDW+D DQG- 7KHFHOOLQVLGHWKHFDYLW\HQODUJHGZLWKLQFUHDVLQJRI3UDQGWOQXPEHUEXW
LWEHFRPHVLQVLJQLILFDQWIRUIXUWKHUYDOXHVRI3UDQGWOQXPEHU9DOXHVRIVWUHDPIXQFWLRQGRQRWFKDQJHZLWK3UDQGWO
QXPEHU$ZHDNFLUFXODWLRQFHOOLVRFFXUUHGIRUWKHORZHVWYDOXHRI3UDQGWOQXPEHUDQGLWGLVDSSHDUHGIRU3UGXH
WRLQFUHDVLQJRIGRPLQDWLRQRIYLVFRXVIRUFHV,VRWKHUPVIRUWKHVHSDUDPHWHUVDUHVKRZZDY\YDULDWLRQIRUDOOH[FHSW
3U 7KHWKHUPDOERXQGDU\OD\HUEHFRPHVWKLQQHUZLWKLQFUHDVLQJRI3UDQGWOQXPEHU7KHHIIHFWRI3UDQGWOQXPEHU
RQWKHDYHUDJH1XVVHOWQXPEHUDVZHOODVIOXLGWHPSHUDWXUHDWWKHH[LWLVLOOXVWUDWHGLQ)LJ,QWKLVILJXUHHa 
DQG J    DUH IL[HG )URP WKLV ILJXUH LW LV REVHUYHG WKDW WKH DYHUDJH 1XVVHOW QXPEHU DQG IOXLG WHPSHUDWXUH
LQFUHDVHVZHOODVWKH5LLQFUHDVHG2QWKHRWKHUKDQGWKHDYHUDJH1XVVHOWQXPEHULQFUHDVHVDQGIOXLGWHPSHUDWXUH
GHFUHDVHVZLWKLQFUHDVLQJ3U


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)LJ(IIHFWRI3UDQGWOQXPEHU3URQDVWUHDPOLQHVDQGELVRWKHUPVDW+D - 
D

3U  3U  3U 
E

)LJ$YHUDJH1XVVHOWQXPEHUOHIWDQGIOXLGWHPSHUDWXUHDWWKHH[LWSRUWULJKWYHUVXV3UDW+D - 





























&RQFOXVLRQ
)ORZILHOGKHDWWUDQVIHUDQGWHPSHUDWXUHGLVWULEXWLRQLQVLGHDFKDQQHOZLWKGLIIHUHQWKHLJKWRIYHUWLFDOVLGHVXQGHU
PDJQHWLFILHOGDQGMRXOHHIIHFWDUHFRPSXWDWLRQDOO\DQDO\]HGYLDWKHILQLWHHOHPHQWWHFKQLTXHLQWKLVZRUNIRUWZR
GLIIHUHQWFDVHVDQG5D\OHLJKQXPEHUV7KHPDLQILQGLQJVIURPWKLVZRUNFDQEHOLVWHGDVIROORZV

x +HDW WUDQVIHUGHFUHDVHVZLWK LQFUHDVLQJRI+DUWPDQQQXPEHU+HDW WUDQVIHUEHFRPHVKLJKHU IRU WKH ORZHVW
YDOXH RI+DUWPDQQ QXPEHU1HYHUWKHOHVVPDJQHWLF ILHOG LV D JRRG SDUDPHWHU WR FRQWURO KHDW WUDQVIHU DQG
IOXLGIORZ
x -RXOH SDUDPHWHU GHFUHDVHV WKH KHDW WUDQVIHU +RZHYHU H[LW WHPSHUDWXUH LQFUHDVHVZLWK LQFUHDVLQJ RI MRXOH
SDUDPHWHU
x +LJKHUKHDWWUDQVIHUYDOXHVDUHIRUPHGIRUKLJKHUYDOXHVRI3UDQGWODVZHOODV5LFKDUGVRQQXPEHUV
5HIHUHQFHV
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